The dilution technique is the most widely used method to estimate microzooplankton herbivory in aquatic systems. This technique relies on the assumption that during the incubation phytoplankton growth is independent of the dilution factor; otherwise, biased estimates of microzooplankton grazing are obtained. To fulfil the requirement, nutrients should be routinely added to the dilution set. Here, we question the extent to which the assumption of equal phytoplankton growth along the dilution series might be actually met in published experiments, even when nutrients are added. We also provide evidence that the violation of such assumption results in severely inflated estimates of microzooplankton grazing. Finally, we propose a simple procedure, based on the Redfield relationship, to overcome the problem and guarantee accurate results of dilution grazing experiments.
Introduction
It is currently recognized that microzooplankton (i.e., microbial grazers) are the major herbivores of the ocean, outcompeting mesozooplankton in most ecosystems (Calbet and Landry, 2004; Schmoker et al., 2013) . Microzooplankton grazing activity accounts for 49-77% of the daily primary production, depending on site and season, whereas mesozooplankton graze, on average, only 12% of it (Calbet, 2001; Schmoker et al., 2013) . These microzooplankton grazing data are mostly derived from the results of field experiments using the dilution technique, established in 1982 by Landry and Hassett (Landry and Hassett, 1982) , and used extensively since then. The technique is not free of criticism: for example, non-linear responses (Gallegos, 1989; Evans and Paranjape, 1992) and non-proportional changes in the grazer concentration during incubations (Dolan et al., 2000; Redden et al., 2002; Agis et al., 2007) have been discussed. Some of these aspects have been thoroughly examined, and a consensus has started to emerge (Li et al., 2017) . Other aspects, such as the effects of trophic cascades during incubations, concurrent niche competition, or mixotrophy, have received less attention, and we are still debating how we should proceed to overcome them (Calbet et al., 2008 (Calbet et al., , 2012 Beckett and Weitz, 2017) . In this paper, we will exclusively focus on one, often overlooked, crucial aspect of the dilution technique: the addition of inorganic nutrients during the incubations. We aim to present an objective overview on the subject and to provide, to the extent possible, some guidance on how to conduct successful, more-accurate dilution grazing experiments.
The dilution technique and its assumptions
The dilution technique is based on the reduction of encounter rates between grazers and prey by the sequential series of dilutions of the natural planktonic community with particle-free water (Landry and Hassett, 1982) . The technique relies on two precepts: a constant proportionality between microzooplankton grazing rates and prey (phytoplankton) concentration and a constant rate of instantaneous phytoplankton growth through the dilution series. By diluting a phytoplankton community, however, we alter its nutrient environment, usually favouring the algae in the most diluted treatments because they have less competition for nutrients, i.e., access to more nutrient molecules per algae. However, the opposite has also been reported. In communities relying heavily on regenerated nutrients, the dilution of the environment may disrupt the supply of those nutrients to phytoplankton, resulting in lower growth rates in the most diluted treatments. This has been observed, for instance, in cyanobacteria of tropical oligotrophic waters (Ayukai, 1996) . Nevertheless, inorganic nutrient limitation appears as common feature of many aquatic ecosystems (Elser and Frees, 1995; Holmboe et al., 1999; Lignell et al., 2003) , and it is the issue typically addressed in dilution experiments. For the sake of the argument, in Fig. 1a , we present a compilation of instantaneous phytoplankton growth rates with and without added nutrients from dilution experiments in the literature, as collected by Schmoker et al. (Schmoker et al., 2013) . The dots above the 1:1 line indicate possible nutrient limitation. Unquestionably, inorganic nutrients are limiting phytoplankton growth on many occasions, and the degree of limitation is independent of the biomass of phytoplankton (Fig. 1b) . It is evident, therefore, that in many contexts, fulfilling this assumption of the dilution technique will require an experimental environment artificially enriched with nutrients in excess. Hence, protocols recommend that nutrients should be routinely added (and indeed they frequently are) at different concentrations and in different chemical forms (Landry and Hassett, 1982) .
Consequences of nutrient limitation in dilution grazing experiments
It is expected that an incorrect nutrient amendment during dilution experiments should have consequences. Theoretically, in communities relying mostly on the bulk of dissolved inorganic nutrients (not on regenerated nutrients), dilution will favour phytoplankton growth in the most diluted treatments, whereas as we progress towards less diluted treatments, chances are that nutrient limitation will progressively increase, and phytoplankton growth rates will comparatively decline. This uneven growth along the dilution series should produce an increase in the slope, resulting in flawed (higher than real) phytoplankton growth (the intercept) and, in particular, grazing rates (the slope). The magnitude of the bias should be proportional to the severity of nutrient limitation and to the instantaneous growth rates of the algae. As an example, we can calculate in silico how much this bias could be in an imaginary scenario of a planktonic community where the mortality rate due to grazing by microzooplankton was 0.4 d -1 and where the instantaneous growth rate of phytoplankton under nutrient saturated conditions was 0.6 d -1 ; these values are commonly found in marine waters (Calbet and Landry, 2004; Schmoker et al., 2013) . We can mimic different degrees of nutrient limitation in our mathematical exercise. For instance, in Fig. 2a , we estimate the deviation from the true grazing rates (0.4 d -1 ) when the algae are nutrient limited in the dilution series, exemplified by phytoplankton growth rates at the most diluted treatments on the order of 2, 5 or 10 times higher than those of the undiluted treatment (in which nutrients are theoretically exhausted faster). This range of nutrientlimitation effects falls within the bounds observed in natural communities (Fig. 1b) .
For the exercise, we fixed the intercept at 0.6 d -1 and observed the variation in slope.
First of all, and as expected, there is an artificial increase of the slopes, a result of nutrient limitation. A two-fold difference in growth rates renders an artificial increase in grazing rates (slope) of 62.5%; an extreme case of a 10-fold difference between diluted and undiluted treatments instantaneous growth rates would represent a 160% overestimation in our microzooplankton grazing estimates. Another example is presented in Fig. 2b , where we repeated the exercise, but using an imaginary community without grazers. For the sake of the example, we only present there the extreme case of a nutrient-limitation-driven 10-fold difference between phytoplankton growth rates in diluted and undiluted treatments. It is evident that simply by allowing different degrees of nutrient limitation along the dilution series, an L-saturated response can be obtained; in this example, the grazing rate, calculated as in Gallegos (Gallegos, 1989) , would be 0.56 d -1
. This disturbance of the linearity of the dilution series can also be detected in the examples presented in Fig. 2a (the more the nutrient limitation the more a false saturating response is approached).
We conducted a laboratory test to reinforce our conclusions. The cryptophyte
Rhodomonas salina was offered to the heterotrophic dinoflagellate Oxyrrhis marina in a dilution series simulating a field dilution experiment (initial concentrations:
150000 R. salina mL -1 and 500 O. marina mL -1 ; data on functional response from . Exponentially growing algae were first concentrated by centrifugation (1000 r.p.m., 10 minutes) and diluted in filtered sea water. Two dilution series (100, 50, 25, 12.5%) were prepared in 1 L bottles and transferred to duplicate 75 mL culture flasks that were incubated at 19°C for 24 h on a rotating plankton wheel (0.2 r.p.m.). One of the dilution series was nutrient limited and received only 1 mL of f/2 medium per litre of suspension, which would result in an equivalent to f/2000 medium in terms of nutrients; the other dilution series was incubated with an excess of nutrients (equivalent to f/4 medium). Initial and final cell abundance was quantified with a Multisizer III Coulter Counter. Similar to our in silico exercise, the results of the experiment clearly showed that under limiting nutrient conditions, there was an artificial increase in the slope of the relationship between dilution level and apparent algae growth rates (Fig. 3 ). In this particular example, nutrient limitation in the dilution experiment falsely increased our estimate of prey mortality rates by 4.5 fold.
Despite our previous argumentation, the reader may still question, however, as how much nutrient limitation can exaggerate microzooplankton grazing rate estimates in real, field dilution grazing experiments. Although this question is difficult to answer (see next section), for the sake of the example we can tentatively try to assess what would be the magnitude of the no nutrient addition artefact in published field experiments. A way to approach the question is to use data of published experiments thoroughly conducted, with nutrient addition, and presenting information on o and n, extracted from the Schmoker et al. (Schmoker et al., 2013) dataset. From those data, we can back-calculate the magnitude of the effect of not adding nutrients on the slope of the relationship between phytoplankton net growth rates and dilution factor, had nutrients not been added, in those experiments. This can be done by assuming the most diluted treatment was not nutrient limited (their n; instantaneous growth with nutrients), and that the undiluted treatment (100%) was nutrient limited (their o; instantaneous growth without nutrients). Under these extreme conditions, the difference between these two growth rates would give us the "effect of nutrient limitation" (Eo) on the slope. Under an imaginary scenario of no nutrient addition during the experiments, therefore, the actual mortality rate should be calculated as m+Eo. For the dataset, the measured median mortality rates (i.e. in the original experiments, with nutrient additions) were 0.39 d -1
, and the recalculated mortality rates under simulated lack of nutrient addition was 0.60 d -1 (Fig. 4) . In other words, if those authors would have opted by not adding nutrients in their experiments their microzooplankton grazing mortality estimates would have been overestimated by 54%.
Are we adding enough nutrients into the dilution grazing bottles?
All the previous examples we have examined support the recommendations of the original Landry and Hassett paper (Landry and Hassett, 1982 ) (a recommendation unfortunately many times ignored) and further warns us that artificially exaggerated, deceitful grazing rates can be estimated when the algae in all dilution levels do not grow at the same rates. In their review of the literature using the dilution technique, Schmoker et al. (Schmoker et al., 2013) found that only 51% of the studies provided growth rates with nutrient-amended treatments and that 47% of the studies reported growth rates from experiments without nutrient addition. It can be argued that papers suspected of nutrient deficiency during the incubations are easily targeted and taken with caution. The problem may persist, however, in those studies that claim that nutrients are added (or that claim they were not necessary since no nutrient limitation was expected at the site) but that do not present sufficient proof of lack of nutrientdependent growth constraint. For the sake of example, Table I adding ammonium, others nitrate, and at times silicate was also included in the mélange of nutrients. It is obvious that the amount of added nutrients should be consistent with the particular characteristics of the system; waters containing more phytoplankton need more nutrients to prevent growth limitation than do less productive ones. Temperature and in situ nutrient concentrations during the incubations also affect nutrient limitation responses in algae; the higher the phytoplankton growth rates, the more nutrients are needed. Then, it is difficult to ascertain whether the amount of added nutrients is actually sufficient to ensure saturation of growth during the incubations. Practically, when setting up a dilution experiment, it is usually rather unfeasible to have nutrient data in advance. However, on many occasions, chlorophyll data (e.g., CTD data) are easier to access. Ren et al. (Ren et al., 2009) , for freshwater ecosystems, suggested that given the empirical correlation between concentrations of chlorophyll and nitrogen in aquatic systems (Wilkerson et al. 2000) , and assuming a doubling of phytoplankton biomass per day, a routine protocol would be to add enough nutrients to allow the phytoplankton to grow for at least 2 days. That is, for an experiment with 1 g chlorophyll L -1 in the water, we should add 2 M N. Phosphate and silicate additions should follow the Redfield relationship (N:P:Si, 16:1:15). This could seem to be a very useful rule of thumb. However, the possibility of an empirical equivalence between micrograms of chlorophyll and moles of nitrogen in the water does not guarantee that the equivalent moles of nitrogen will provide saturated growth for phytoplankton. We propose a somewhat more refined method, also based on the Redfield relationship, following the suggestions in Schmoker et al. (Schmoker et al., 2013) . First, the chlorophyll concentration in the experimental water should be converted to phytoplankton carbon using the most approximate equivalence found. There are many studies on carbon-tochlorophyll conversions, with values ranging from <10 to >100 (Banse, 1977; Sathyendranath et al. 2009; Jakobsen and Markager, 2016) . We opted for the recent relationship reported by Sathyendranath et al. (Sathyendranath et al., 2009 ) for offshore waters: log(C) = 1.81+0.63*log(Chl), where C is phytoplankton carbon in mg m -3 and Chl is the chlorophyll concentration in mg m -3 . Later, we can estimate from the in situ phytoplankton C the different nutrient requirements necessary to, according to the Redfield relationship, allow for at least the expected growth rate.
In Table II , we conducted such an exercise for chlorophyll concentrations ranging from 0.05 to 10 g L -1 and growth rates corresponding to half, one and two duplications per day (i.e., 0.4, 0.69, 1.39 d -1 , respectively). Values for Si are assumed to be similar to those of N. For instance, given a natural planktonic community characterized by a chlorophyll concentration of 1 g Chl L -1 , we would need to add 29.4, and 1.8 M of N (and Si) and P, respectively, to the water in order to allow for two doublings per day; a lower division rate like for instance one doubling per day, would require the addition of 9.7, and 0.6 M of N (and Si) and P, respectively, to the dilution series. In Fig. 5a ,b, we compare the nutrient requirements (N and P) derived in our Table II with the reported nutrients in the dilution-technique experiments found in the literature published in 2016 (Table I ). In the papers in which nutrients in situ were reported, we combined the average of those with the nutrient additions. The range of chlorophyll concentrations sampled across each study is indicated by the horizontal lines. Dotted lines correspond to the theoretical nutrient requirements, following our recommendation, for a given chlorophyll concentration and growth rate. From the examination of Fig. 5 , it is obvious that, according to our assumptions, many experiments were likely nutrient limited, even in those cases where the authors added nutrients or where no phytoplankton growth limitation was claimed. In other words, the amount of nutrients added plus the nutrients already in the water were not sufficient to guarantee that the dilution method met its requirements in all the experiments. Therefore, given the diversity of procedures one can find in the literature, our analysis calls for caution in the interpretation of some of the estimations of microzooplankton grazing rates that can be found, since in certain cases -in which nutrient limitation might be uneven along the dilution series -the overestimation of grazing rates and, therefore, grazing impacts could be relevant and would need a reassessment. At present, it is impossible to accurately estimate the extend of such artefact, which will depend not only on nutrient availability, but also on the physiological characteristics of the algae, lag-phase response, species composition, light, temperature, etc. However, we can deduct from the extrapolation of our analysis of the 2016 literature that in many experiments the assumption of equal phytoplankton growth in all the dilution levels was likely not met, and therefore there is a potential for overestimation of the microzooplankton grazing rates.
What level of nutrients should we add into the dilution bottles?
Until a deeper and more extensive analysis of the effects of nutrient limitation on dilution grazing experiments is conducted, we recommend when possible to follow the procedure presented in Table II to amend the dilution series. This requires an approximate estimation (likely a priori) of the maximum expected phytoplankton growth rate in the study site. In many cases, that information can also be difficult to obtain. A plausible solution, however, is to make a reasonable estimate of expected maximum rates based on the available field data. We have re-analysed the data on natural instantaneous phytoplankton growth rates in Schmoker et al. (Schmoker et al., 2013; 0, sensu Landry and Hassett, 1982) in their literature compilation. If we take into the account the dispersion of the data, we observe that maximum observed field rates, represented for instance by the 90 th percentile, fall at rates of 1.4 d -1
, i.e., two doublings per day. Therefore, we think this could be a starting point for calculating the nutrient requirements to ensure the lack or severe diminution of nutrient limitation effects on the calculation of microzooplankton grazing rates using the dilution technique. Obviously, controls without nutrients need to be set as well, in order to obtain natural instantaneous phytoplankton growth rates.
In many instances, we are aware the recommended nutrient concentrations will be exaggerated, mostly because we opted to be on safe ground and allow for two doublings per day. Actually, it is very likely most dilution experiments published so far do not meet the requirements of nutrient addition we propose. This does not mean all of them are flawed; the better a system is known (expected phytoplankton carbon biomass and growth rates, nutrients available in the water, etc.) the more precise can be the calculation of nutrients required for the experiments. Our recommendations should be a proxy for when no better knowledge exist on the system. Regarding the chemical forms, we suggest the use of a mixture of nitrate and ammonium, to be chosen by the researcher depending on the characteristics of the site (expected prevalence of new versus regenerated production; Glibert et al., 2016) , with special care of not reaching toxic ammonium concentrations (Collos and Harris, 2014) . In this way, we would minimize undesirable changes in the phytoplankton community composition, as opposite to fertilization with only one chemical form. Silicate should be added at concentrations equivalent to those of N in experiments in which diatoms are significant components of the phytoplankton. Finally, it would also be advisable to add trace metals and vitamins to the mixture of nutrients, following the proportions established by Guillard (Guillard, 1975) . All chemicals used should be of high quality and free of pollutants, such as heavy metals, because the adverse effects of these compounds on phytoplankton metabolism, even at very low doses (Fitzwater et al. 1982) . We hope that all these recommendations will help with obtaining morerealistic microzooplankton grazing estimates in the ocean. 
